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Outline of the Talk wN

¢ Introduction: HF probes of the medium (= see A.Buzzatti)
¢ Calibrating HF probes: pp results
¢ HF production in nucleus-nucleus:

» Semi-leptonic decays = ,  ALICE, ATLAS
» D mesons E STAR E ALICE

» B and b-jets CMS
¢ Proton-nucleus control data
¢ HF azimuthal anisotropy

C

¢ Outlook: detector upgrades at RHIC and LHC
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Heavy flavour production in pp wN

¢ State-of-the-art pQCD calculation: Fixed Order Next-to-Leading Log
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[coincides with NLO for low p- (total cross section); more accurate at high p+]
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¢ Describes consistently energy dependence of total cross sections
¢ Charm (beauty) x10 (100) from 0.2 to 2.76 TeV




pp: pQCD calculations vs data INFN
Charm p-differential cross section C

200, 500 GeV ~1.96 TeV 7/ TeV
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¢ Charm production described within uncertainties
+ Consistently at upper limit of theoretical band from 0.2 to 7 TeV




pp: pQCD calculations vs data )
Beauty p-differential cross section C

1.96 TeV [ TeV
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+ Beauty production described very well by central value of
calculation




pp: pQCD calculations vs data
HF-lepton p-differential cross section

200 GeV

T T T T T

P -_———

o 107K pap - (e* + €)/2 + X at\'s=200 GeV

2 10°

g © arXiv:1005.1627v2

£ 10 *  PHENIX data 2006

=~ .8 ~—— FONLL(total) upper

%10 ——— FONLL(total)_lower

© 10° FONLL(c — e)

o FONLL(b - e)

w 10 FONLL(b — ¢ — e) v
10° B
10° - ?
10 N -

. PH ENIX N
10 Preliminary
107 . e } —
4 E
3.5 =
33 3
025 E
<. 2 E
=15 T e
g 1 . —
0.5 : . C ' : =
0 2 4 6 8 10 12

P, (G;\?lc)
PHENIX, PRC84 (2011) 044905
N.Apadula (WWND2013)

2.76 TeV

§ E T _ T il . T < IE
% 10 E\ALICE pp Ys=2.76 TeV, u*«HF in 2.5<y<4 N
0] Fa —e— data
g 107 ENN [] p*<HF, FONLL =
5 F - ——— p*echarm, FONLL i
S105E - e
o & oo prebeauty, FONLL 3
2 108} ]
w
E E
I 3
R 3
10°k §\
FoL,=19nb” TSR
10°F - _ . 1
E 1.9% normalization uncertainty not included E
; 2.2 3 1 1 1 1 1
2 15 @w_@ﬁ
% O.SE 1 1 1 1
© G 2 4 6 8 0
p. (GeV/c)

ALICE, PRL 109 (2012) 112301

Data/FONLL

1/(2xp) Fal(dp dy) (mb/(GeVic)’ )

)
INFN

(S
[ TeV

pp, ls=7TeV

S,

- - - - -
o o (=1 o, o
& n A [ [

-
<
%

—4-ALICEc,b—e
2| —&- ATLASc,b—e
—FONLLc,b—e,lyl<0.5 .
10°F — FONLLc, b— e, lyl <2 excl. 1.37 < lyl < 1.52"%,3

-
o

45F
oF
asf
sk
25f
oF
15F . 3
1 1 OOFRE GRS e = =
bl = =
05;_‘__ ) -

0 1 )
4x10" 1 2 3 4 5678910

20 30
P, (GeVic)

ALICE, PRD86 (2012) 112007
ATLAS, PLB707 (2012) 438

+ HF-decay electrons and muons at central and forward y
¢ FONLL: “b > ¢” for p; > 4 (5) GeV/c at RHIC (LHC)
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HF-decay electrons at RHIC (Au-Au) (NN

¢ Inclusive measurement (c+b) using non-photonic electrons
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W. Xie (QM2012)
see also Phys. Rev. Lett. 98, 192301 (2007) Phys. Rev. C 84, 044905 (2011)

¢ Same suppression as for light-flavour hadrons above 5 GeV/c
» Mass already irrelevant?

¢ Smaller suppression at 2-3 GeV/c: is this the dead cone??

< Op, DI'N U5 AMNAIMCSd d
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HF-decay e at RHIC (Cu-Cu vs. Au-Au) (NN
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¢ Cu-Cu:

» low pr enhancement in central collisions?
» no suppression even at 6 GeV/c: not expected in models!?

¢ Similar Ry, as in Au-Au for similar N, values

N.Apadula (WWND2013)
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HF-decay e and n at RHIC (Cu-Cu) (NN

¢ Mid-rapidity (e): Rya~1 = enhancement (from centr. to periph.)
¢ Forward rapidity (u): suppression 2 Ry,~1
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HF-decay e and w at LHC: Ry, vs pr [NIN

¢ Electrons and muons from D+B - e,u decays
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¢ Suppression by a factor about 2 up to 18 GeV/c
» Dominated by beauty at such high p-

Z.Conesa (QM2012)
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HF-decay w at LHC vs. centrality  M™¥

ATLAS-CONF-2012-081
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¢ Clear and consistent centrality dependence for
» R, of muons at forward rapidity (ALICE)
» Rcp of muons at central rapidity (ATLAS)

¢ No sign of p; dependence from 4 to 12 GeV/c
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Charm: D mesons at RHIC wN
¢ STAR: first D R,, in central Au-Au at RHIC
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» Suppressed as much as pions at high p;: no mass effect?

» Large enhancement at 1.5 GeV/c: radial flow + coalescence?
W.Xie (QM2012)




Charm: D mesons at LHC w”
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¢ First D R,, measurement in heavy-ion collisions, presented by ALICE at
QM2011 (LHC run 2010)

» Strong suppression observed




Charm: D mesons at LHC INFN
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¢ First D R,, measurement in heavy-ion collisions, presented by ALICE at
QM2011 (LHC run 2010)

» Strong suppression observed
& Measurement extended with LHC run 2011, from 1 to 30 GeV/c

Z.Conesa (QM2012)




Charm: D mesons vs. pions

INFN
at RHIC and _HC .
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¢ D consistent with pions at both energies

» Hint for D > xt in 3-6 GeV/c at LHC?

¢ D meson R,, similar at RHIC and LHC at 6 GeV/c

¢ Strikingly different at 1-2 GeV/c: stronger effect from
coalescence at RHIC due to steeper spectra?
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D, meson R, at LHC o

¢ First measurement of D, in heavy ions
» Large D, enhancement expected, if ¢ quarks recombine in the QGP
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» Data very intriguing, but not conclusive (=next LHC run, upgrades)

Z.Conesa ‘9M2012=
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Beauty suppression at LHC C

¢ First measurement of beauty Ry, by CMS (cms-PAS-HIN-12-014)
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» Centrality dependence of B—J/y Rxa
o 50-100%: factor ~1.4 &> 0-5%: factor ~2.5

» Hint of less suppression at mid-rapidity
» Hint of larger suppression at higher p;




s this the dead cone! INFN

¢ Comparison of charmed mesons (ALICE) with J/ip from
beauty decays (CMS)
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¢ First indication of a dependence on heavy quark mass:
B D
RAA > RAA
» However, kinematical ranges are not exactly the same
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Large b-jet suppressmn at LI—IC C
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¢ CMS finds the same R,, for b-jets as for g/g-jets,
as expected at this p;
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Initial state effects on heavy quarks (™

¢ Charm production at low p;: Q? (4m_2~5-10 GeV?)

Machine SPS RHIC LHC LHC
System Pb-Pb Au-Au Pb-Pb pp
SNN 17 GeV 200 GeV 55 TeV 14 TeV
cC x~107! x~102% x~4x10% x~2x107%
bb - = x~2x103 x~6x10"*

—> interpretation of HF (charm) measurements in AA requires pA reference

- charm in pA: access to small-x gluons with perturbative probes
Nuclear modification of PDFs
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Only a QCD medium effect! RHIC  INFN
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4 06f .

oo N, :

s E : ’
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PRD71 (2005) 054027
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es D2 4 6 8 10
PHENIX, Phys. Rev. C 84, 044905 (2011) electron pT [Gev-

¢ Small effect expected from PDFs shadowing (<10%)
¢ Mostly a hot medium effect?
¢ p/d-A control crucial to quantify initial-state effects
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Only a QCD medium effect! LHC w"
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¢ Small effect expected from PDFs shadowing above 5 GeV/c
¢ Mostly a hot medium effect above 5 GeV/c?
¢ p/d-A control crucial to quantify initial-state effects

EPS09: Eskola et al. JHEP0904$2009=O65

” OD. BIN UA A\1AINCd UJdad
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HF e in d-Au: RHIC results INFN

Phys. Rev. Lett. 109, 242301 (2012) C
0_5 3
3 d+AU @ \syy =200 GeV - G neamia R Sl
o 2 . = 0-20%centrahtv " HFy14.<n<20
: PHENIX | |
K H HHHM H
b TR L
0.5- I ;’*T.;E—“%
~1 2 3 4 5 6 7 8 9 ——
P, [2eV/c] - L
¢ Low-p; electrons (mid-y) and muons (forward y) largely
enhanced

+ More than expected from anti-shadowing?

N.Apadula (WWND2013)




HF e in d-Au: RHIC results INFN

Phys. Rev. Lett. 109, 242301 (2012) D I ey s

2 Au+Au— D° + X @ 200 GeV y10+y1T]
< [ - y10+y1T]
m'° 'efiFRdA 8 n RdA 00: Z m 0-10% ]
. 2 "er Ry, 970 Rpp 1.5F .
- i H H [ xt 0-12% i
i STAR Prelimin: i
I R 3
~HCRURL RN l}J.}JI.; (8. g <8 (PET | i ]
0.5:—H $ g .

tvlm '1"; B m® E Iﬂ

T P R Y S T S T T 0 I : I : . .
0 1 2 3 4 5 6 7 8 9 0 2 4 6 8
p, [GeV/c] p. (GeV/c)

+ Low-p; electrons (mid-y) and muons (forward y) largely
enhanced

+ More than expected from anti-shadowing?

+ Significant role of (mass-dependent?) k; broadening / initial-
state partonic scattering?

¢ Or is there some final-state “activity”? -> need D mesons!!!
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HF in p-Pb at LHC: analyses ongoing ... wN

¢ Large integrated lumi of the p-Pb run (~30/nb) will allow the
experiments (including LHCDb!) to measure, with precision
~PbPb2011:
» HF-decay electrons and muons
» D mesons, including D
» B2>Jhp, b-jets

¢ Example: D meson signals in ALICE

2

)]
o
o
(=]

o l E Y T L A L L
§4500 3 3 600 3 p-Pb, \ sy, = 5.02 TeV, 63M events B
= = - .
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¢ = (0.011£0.002) GeV/c = - ]
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Outline of the Talk INFN

¢ Introduction: HF probes of the medium
¢ Calibrating HF probes: pp results
& HF production in nucleus-nucleus:
» Semi-leptonic decays
» D mesons
» B and b-jets
4 Proton-nucleus control data
¢ HF azimuthal anisotropy
¢ Outlook: detector upgrades at RHIC and LHC

Jet' Quenching Workshop, BNE7:0413 AndreaDainese
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Heavy flavour v,: a two-fold observableéyN

¢ Low p;: do heavy quarks take part in.the “collectivity™?

» Due to their large mass cé}nd\b?uaik sh(ﬂTl,d “feel” less the collective

ut-of

expansion

Reaction: Ih plang

- need frrequent In
> v2b <v,e

Ool'z PbPbsqrts =276 TeV min bias | | 0.3 ' T electrons, Iy <08 -
: & Bmesons 0.25 | muons, 2.5 < Iyl <4.0 |
0.16 | — E:;E:E:S ] ' non-prompt J/psi, lyl < 2.4 e
0.14 | . . quarks - 02 | D mesons, lyl <0.5 |
0.12 1 n=3+2, running coupling,
>C\‘ 0.1+ 0.15 | k=0.2, K=3.5 |
N

008 + >

0.06 1

004

002 r; .

00 : : : : . : : Pb+Pb _
0 2 4 6 8 10 12 14 005 L Ys=276TeV . b=9.71m
p: [GeV] 0 2 4 6 8 10 12
pr [GeV]

J. Aichelin et al. in arXiv:1201.4192 J. Uphoff et al. in arXiv:1205.4945
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Heavy-flavour azimuthal anisotropy, ey

from RHIC to LHC C

¢ Electrons from HF show a v, of up to 0.15 at RHIC (PHENIX, STAR)

» Charm does flow!

>V, significantly smaller than for pions above 2 GeV/c (might be decay
kinematics, rather than a difference heavy vs. light)

¢ First measurements at the LHC (ALICE): electron v, comparable to RHIC

2

TlITTIIIIIIIIIITIIIIIIIIII

o 0.3;_-"1-'-'|""l""l""l"""'”'””_; g 0.3;-' *  ALICE:Pb-PD, {5, =276 TeV, 20-40%,Ini<07
0.25;_ ﬁ!ﬂ? Preliminary _; § 025;- o PHENlX:Au-Au.ﬁ:ZOOGeV,ZO—‘iO%.lnkO.SS
0.2;— ch”hg_c_l_”param $ —i % 0.2f
0.15E- a i S =4 Soisf
— R - > u
0.1 2 *% # -4 $ o.1'-§ﬂ
0,055 3 3
- 1 S oosf
OE - :?:) on:— --------------------
-0.05 —= -
0 15 3 0.05F ]
il =P EPEPEPE BT SPEPEEP PP SR EPEPEPE B 0 é ‘[1 'é' : '1I0' 1|2 14
1 2 3 4 5 6 7 8 p. (GeV/c)
p. [GeV/c] PHENIX, PRC84 (2011) 044905

W. Xie (QM2012) Z. Conesa (QM2012




Heavy-flavour azimuthal anisotropy, ey

from RHIC to LHC C

¢ First D measurements at the LHC (ALICE): D meson v,>0 in 30-50% class

» D meson v,>0 in 30-50% class & Comparable to v, of charged hadrons

» Suggests flow at low p; and path-length dependent suppression at high p;
¢ First D v, measurement at RHIC presented at QM by STAR (not shown)

O’\ 0 4 [ LN L R I B R I B B I L R B B S B B I T l_ >N : LI | ] T ] T T [ T | T [ T ] rrvrjrry ] -]
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S 0.3) ] 0.3 ]
1 u i - ]
vt n I"| i u — .
0.2 . 0.2 ¢ — E

0.1 Il - 0.1 / ¢ S
: 1 o
oF . " T ]

g ; -0.1F =
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N 0 . ] - e D° EP2Adbins 1T ]
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Z. Conesa (QM2012)




)

LHC: comparison with models (R,4) wN

¢ Several models based on E-loss and heavy-quark transport describe
qualitatively the measured light, charm, and beauty R,

charm “light” beauty

§12 I\II-I TTT | TTT | TTT | TTT | TTT | TTT | TTT | T T | TTT TTT | T 1T | T 1T | T TT | T TT | LU | T g T 1 171 ] T 1171 I T T l LI
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ALICE, JHEP 09 (2012) 112 CMS-PAS-HIN-12-014
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LHC: comparison with models (Rys and v,) NN
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LHC: compamson with models (R, and vz) INFN
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Towards HF tomography

¢ D suppression in different azi
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Outline of the Talk INFN

¢ Introduction: HF probes of the medium
¢ Calibrating HF probes: pp results
& HF production in nucleus-nucleus:
» Semi-leptonic decays
» D mesons
» B and b-jets
4 Proton-nucleus control data
¢ HF azimuthal anisotropy
¢ Outlook: detector upgrades at RHIC and LHC

» Heavy flavour: a central topic for upgrades of all the HI experiments!

Jet"Quenching Workshop, BNE 70413 AndreaDainese
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Vertex Tracker (VTX) &

@ 2012: p+p 200 GeV , |y| < 0.35

® PHENIX PRL 103, 082002 (2009)

— FONLL,y=0
1 STAR: PRL 105, 202301 (2010) """ I

/\  PHENIX
Preliminary
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6 7
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Electron b-fraction in pp
« Ongoing in Au-Au

M. Rosati, QM2012




STAR: )

INFN
Heavy Flavour Tracker &~

Projections 500M evts
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ALICE: new )

| INFN
Inner Tracking System &

Projections LHC Run3 (10/nb)
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Conclusions -

¢ From the experimental point of view, we have just entered the “golden
age” for heavy-flavour observables in HI collisions

» Thanks to the LHC detectors and RHIC upgrades

Whom and What (in AA, as of today)

PHENIX STAR
HF electrons 4 v
HF muons v
D¢, D+, D*+ v
D.*
B—J/y
B jets

Jet' Quenching Workshop, BNE17.04713 Andrea'Dainese



Conclusions INFN

¢ From the experimental point of view, we have just entered the “golden
age” for heavy-flavour observables in HI collisions

» Thanks to the LHC detectors and RHIC upgrades

Whom and What (in AA, as of today)

D ,nt 0-'\ 20/0

i oreliminary
STAR Prel




Conclusions INFN

¢ From the experimental point of view, we have just entered the “golden
age” for heavy-flavour observables in HI collisions

» Thanks to the LHC detectors and RHIC upgrades

Whom and What (in dA, as of today)

PHENIX STAR ALICE ATLAS CMS LHCDb
HF electrons v
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What's special about heavy quarks: 7]

probes through the full system history &

¢ Large mass (m,~1.5 GeV, m ~5 GeV) = produced in large
virtuality Q? processes at the initial stage of the collision with
short formation time At > 1/2m ~ 0.1 fm << tygp ~ 5-10 fm

¢ Characteristic flavour, conserved in strong interactions
» Production in the QGP is subdominant
» Interactions with QGP don’t change flavour identity

¢ Uniqueness of heavy quarks: cannot be “destroyed/created” in
the medium - transported through the full system evolution

- “Brownian motion markers of the medium” )

(*) Ralf Rapp




What's special about heavy quarks: 7]

probes through the full system history &~
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What's special about heavy quarks: 7

probing the properties of QCD E-loss &

Parton Energy Loss by

__)}5&7 » medium-induced gluon radiation
g: colour triplet

= collisions with medium gluons
u,d,s: m~0, C;=4/3

AE‘w(‘c"ififzedium ’CR ’m’L)
g:g(::OIOUrrnof(;[,eER=3 Cr: colour charge dep.
m: mass dep. (dead cone, ...)
Q: colour triplet _y/ -
c: m~1.5 GeV, Cy=4/3 AEg > AECzq > AEb

b: m~5GeV, Cg=4/3

Seee.g.:

Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003.
Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493.




HF in heavy ion collisions: )
Who and What -

PHENIX STAR
HF electrons v v
HF muons v
D¢, D+, D** v
D.
B—J/y
B jets

Jet' Quenching Workshop, BNE17.04713 Andrea'Dainese



)
Less gluon radiation for heavy quarks ! w"

+ In vacuum, gluon radiation suppressed at 6 < my/Eq,

s “dead Cone” effect Gluonsstrahlung 1probability
Sg o
0 N I [6° +(mq | Eq)'T

¢ Dead cone implies lower energy 0SS (pokshitzer-Kharzeev, 2001):

+ energy distribution wdl/dw of radiated gluons suppressed
by angle-dependent factor

. _ N A Dokshitzer
+ suppresses high-w tail !
) -2
d/ d/ my | 1
— =W— x| 1+ >
do HEAVY do LIGHT EQ 0

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602.

Dokshitzer and Kharzeev, PLB 519 (2001) 199.




HQs E loss: some expectations ...

)
INFN

¢ Energy loss based predictions: factor 3-5 suppression for D mesons
¢ Significantly smaller suppression for B

R..(p;) and R}, (p;)

Radiative E loss
age cannot be displayed. Your computer may not have enough memory
rr Resta ur com r, hen open the file again h

The im to open the image, or the image may
have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to
delete the image and then insert it again.

B (m,~5Gev)

D (m~1.5 Gev)

Wicks, Gyulassy, “Last Call for LHC Predictions”
workshop, 2007

Radiative E loss + dissociation

- 5" =5500 ¢

| ! | ! | ' |

Pb+Pb
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¢ Shorter formation
time of heavy hadrons
—> additional Ryx
suppression due to in-
medium dissociation?
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HQs E loss: the AdS/CFT way...!  INFN

¢ Maldacena conjecture: correspondence
between super-gravity (Super Yang Mills) and
QCD
¢ —> calculate strongly-coupled QCD in SUGRA
¢ Model energy loss by embedding a string in
AdS space
¢ One distinctive prediction:
» Very strong suppression for charm
» Small suppression for beauty up to very
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Friess, Phys Rev D75 (2007)
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pp reference at 2./6 TeV via «/_s—scaling, )

(ALICE D mesons and electrons)
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¢ Scale the 7 TeV cross sections by the 1 dN,, /dp
2.76/7 factor from FONLL, with full R, (p)= A
theoretical uncertainty <TAA> dUpp /dp,

> relative scaling uncertainty: 30% -2 5% in

3
the p, range 2 = 16 GeV/c g 10°F T ANCE 3
. . . D* meson
¢ Validated by comparing to measured S el i
. . o -
cross section at 2.76 TeV (fewer p,bins) = |
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HF e in d-Au: RHIC results INFN

v 2r
3 1.3::. &2 from heavy flavor PHENIX, 200 GeV
Z:.'-ez )
- 14— I l +
A - ' I +
g -
@ ‘-2r + +
1:— +
- -+
08—
0.6
0.4/~ ad*Au  Phys. Rev. Lett. 109, 242301 (2012)
0 2:»‘_ u Cu+Cu PHENIX Preliminary
"E eAutAu Phys. Rev. C 84, 044905 (2011)
o" P T Y A | i P S A | N PR S S R
10 10? 10’

Neou

+ Consistent N_,,-dependence in d-Au, Cu-Cu, Au-Au

+ Move from initial-state effects in d-Au/peripheral Cu-Cu to
where the hot medium takes over as system size increases in
Cu-Cu and Au-Au

N.Apadula (WWND2013)




